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1.8 Spacecratt Charqging

Magnetospheric substorms at high altitudees are characterized by
hot tenuous plasmas which can charge a satellite negatively to
many Kilovolts, The reliable estimation of the charqing effects
on present and future space vehicles has been a concern of the
Air Force and NASA for several years, and a subject of consid-
erable R&D activity. The inclusion of all factors that are

significant for spacecraft charqing presents a formidable

problem. Complex three dimensional geometries with Hiverse

surface materials and internal electrical propertie nave to be v
. . . [

taken into account. The surface-pltasma interactio dhich :

invaolve secondary emission, backscattering, photcer sion and
charge transport must be considered in detail. Th * gneto-
etatic environment may include solar, magnetic field, substorm
and space charge effects. Charging dynamics can exist due to
varying photoemission over a rotating or eclipsing satellite,
changing plasma conditions, active control by electron or ion
beams, and switching of electrically connected satellite
configurations, Investigators at AFGL are widely involved in

SCATHA satellite and other plasma physics research experiments.

For a number of years the analytical tool which most compre-
hensively represents thece processes has been the NASCAFP program
developed by s-cuBeD.‘!s¥

to realisticalliy simulate and depict spacecraft charging by

This program represents an attempt

numerically solving the full three dimensiocnal problem. The
NASCAP model uses a quasi-static Vlasov equation approximation to
obtain surface charging fluxes, given potential distributions and

the ambient environment conditions. Following calculation of

11




dielectric charge transport and surface charge distributions, the
spatial potential problem (Laplace’s equationy is colved using a
finite element, nested-mesh technique. The iterative cycle then
returns to the Vliasov flux charqing equation. Elaborate plasma
and material characteristics may be formulated in NASCAP, along
with complex geometries and electrical connectivities of the

surfaces.

Thus NASCAP 1s a major evolving engineering level program, as
well as a tool for research on plasma sheath models and
spacecraft charqging experiments such as SCATHA. The NASCAP
program was installed at AFGL in {978 for the purpose of
verification and walidation, and as a means of support for

investigations of charging phenomena.

Since instxlilation, the proaram has been run extencively to
analyze charging effects and to carry out simulation ztudies for
SCATHA and other space vehicles. The early worK focused on the
1dentification of program bugs and computational instabilities.
These studies were cerved by examining the charging behavior of
=imple objects such as NASCAP quasispheres and cyl‘nders.
Further testing of the NASCAP program was done by calcultating
suntight charqaing of quaci-espheres for fixed sun direction and
rotational motion.(3) Preliminary SCATHA simulations were
completed assuming simplified plasma environments.(é’a) These
runs i1ncluded quasispheres, Z2-grid and 4-grid SCATHA models.

The effect of electron emitter beams on SCATHA charging was alsc
examined.(?) The most recent SCATHA simulations have
implemented time dependent specification of the plasma

S
environment and of solar Hux.(9’1 )

12
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1.1 Operational System and Simulation Procedures

The NASCAP source code is provided by S-CUBED on magnetic tape in
blocked EBCDIC format. A number of steps are nececssary in order

to set up the system at AFGL:

a) read the source tape and convert to CDC compatible format

b) convert the NASCAP routines to UPDATE format and compile

c) form a segmented version of the program which is small enough
to fit on the CDC 46086

The final segmented binary +ile requires 27¢& KB to run. Alsc

contained on the source tape are three NASCAP auxiliary proarams:

FPLOTREAD - reads plot files created by NASCAFP and cutputs

microfiche

TERMTALK - reads the resulite files created by NASUAP, giving

access to summary information.

MATCHG -~ uses NASCAP algorithms to calculate charging of

material surfaces.

In addition, S-CUBED provides an auxiliary file, NASFILES, which
contains default values for the surface material parameters, and

obiect definition specifications for SCATHA models.

A number of major revisions of the NASCAP code and its auxiliary

proarams have been installed on the CDC-4608 system,

A comprehensive system has been implemented to facilitate program

maintenance and operational logistics. Considerations provided

for at AFGL are:

13




a) coordination and compatiuility with the UNIVAC 1166 version
of NASCAP at S-CUBED)

b) prompt revision of source, relocatable, and absolute codes

c) tape storage of source codes and results files

d> qgeneration of microfiche plots using the auxiliary program
PLOTREAD

e) maintenance and modification of auxiliary programs MATCHG
and TERMTALK,

f) availability of SUATEK pleotting routines for display of
MATCHG and TERMTALK results

Q) mailntenance and modification of program ALLES which calculates
Maxwellian fits to spectra, for input to NASCAP

h> generation of tapes and associated materiale for external

distribution of programs

The NASCAP simulation of a compiex charging event entails
considerable operational management. Input fi1les containing the
material parametercs and the cbject definition information are
required, A flux definition file, which describes the plasma
environment, must be constructed. Provision for 1nputting the
flux files to the auxiliary MATCHG program for trial run testing
1¢ advrantageous. It ie nececssary to form a run options file
from the NASCAP keyword list, in accordance with the rules of
syntax and precedence. The run optione file may contain
repetitive modules for generating variable sunlight intensity or
rotaticnal motion. Special card blocks may be needed for
specificatinon of onboard beam emitter or detector character-
1stice. After completion of a NASCAP run the printed output and
microfiche must be examined and interpreted, and the restart
files ei1ther archived or reset for a continuation run.

Inspection of the restart fi1le information and plotting of
summary and comparative results 15 made available through the
auxiliary TERMTALK program, Figure 1.1 shows a schematic of the

AFGL operational system for a NASCAP simulation study,

14




NASCAP
SOURCE
TAPE

RAW

DATA
TAPE
ALLES
MAXWELLIAN
PITS
y
NASPILES WATCHG
FLUX [_,_'ma:sr
OBJECT DEF > (SURPACE [™"QUTPUT
e TALS) FILES CHARGING)
{ , Y
NASCAP ATEK | LOTS
uonxn*cuxous Y ST — P
CDC CONVERSION, NASCAP
COMPILATION, |—»- BINARY - CARD DECK
SEGMENTATION RUN PILE RUN GPTIONS
1 ~__ PRINTED
™ GUTPUT
\ ]
BACK-UP CONTINUATION
TAPES PILES PLOTREAD
¥
MICROPICHE
TERMTALX
]' SUMMARY
r QUTPUT

SUATEK ra-PIOTS

Pigure 1,1 NASCAP Simulation Operational Systea
15

|
i
|
!
l
1
i
|

A




In the SCATHA <simulations, the ambient plasma has been
represented by single or double Maxwellian fits to measured data,

as determined by the ALLES program. The material properties

have been set to default values provided by S-CUBED. For the

vehicle objyect specification, the t, 2, 2 and 4-grid models of

the SCATHA satellite have all been utilized.

The 1-grid and 3-grid models of SCATHA are shown in Fig. 1.2,

The main difference between these two models is that the 3-grid

version has a more detailed representation of the external booms.
Since the computation time goes up repidly with grid size, most

of the analysies has been done with the 1-grid model.

1.2 Plasma Environment Specification

The accurate simuliation of charqing events requires a detailed

representation of the ambient plasma. This is, in itself, a

ditficult problem and a substantial effort has been applied to

the dewvelopment of a proqram, ALLES, to generate parameter files

to zpecify the environment., The program makKes double Maxwellian

fits to measured spectra data, with the plasma temperatures and
densities as the floating parameters.

Plots of the individual fite versus the data, and summary plots

of the fit parameters versus time are available. The following
describes the fitting procedures that were used in the analysis

of the day 114 (1?79 charging event,(9) based on spectra

obtained from the SC¥ experiment.




e g

Pigure 1,2 NASCAP 1-grid and 3-grid Models of SCATHA

17




The SC? plasma data resides on magnetic tape i1n the form of

electron and ion detector counts. The data was recorded at 16
sec 1ntervals and the counts are distributed 1nto 64 energy bins
ranging from O to 86 KeV, In ALLES the raw counts are converted
to phase space distribution functions ¥ (units are seca/cmé) by
mul tiplying by appropriate calibration and phase space factors.
Figure 1.3 shows a typical spectrum (UT=27368 secs). The 1ower
two plote qive In(+) for the electrons (left) and ions (right).
The upper plots give expanded views of the low energy region (8-
18KeV) .

In the analysis, the 15 lowest energy bins are disregarded.

Also, the data points are corrected for the shift i1n the spectra
due to wvehicle charging. In the plotes, the circles show the
shifted points and the crosses denote the unshifted distribution.

The method employved to fit the shifted spectra is ocutlined below:

1> The spectra are +irst split int high and low regions (the
low energy range extends from vehicle agaround plus 2 KeVl

up to the separation cut which was set at 15 Ke\).

2) The high energy range ¢ 215 KeV > is fitted with a single

Maxwellian function.

w
v

This high energy fit is extrapolated back i1nto the low

region and subtracted from the data.

4) A second Maxwellian is fitted to the difference spectrum

in the low energy region.
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A virtue of the above method is that it clearly separates the
fits into high and low energy components. However, when the
method was applied, it was found the the solutione reached could
be very sensitive to the location of the separation cut.
Moreover, sometimes no reasonable physical values were obtained
from the fit. To remedy this situation, a second level of
analysis was emplaoyed. The results from the above methad were
input as starting values for a general least squares fitting
routine (if the first method fails, the values from the last
previous succescsful case are input). This additional ieast
squares fitting was invoked whenever it could improve the RMS

error of the fit.

A typical fit to the data is displayed by the solid lines in the
lower plots of Figure 1.3. The numbers in the upper corners
aive the fit parameters (temperatures and densities corresponding
to the low and high regions). The solid lines in the upper
plots show low energy single Maxwellian fite for comparison which
were not used in the NASCAP simulation.

In Figures 1.4 (a)-(d) we summarize the derived plasma parameters
for the day 114 +ull eclipse period. Al though there are some
fluctuations, the temperatures and densities are seen to be

relatively flat over this time period.

Before being used for NASCAP cimulations, a further change was
made to the double Maxwellian fit parameters. The electron
densities were renormalized to the ion densities to provide for
charge neutralization and a correction was made for the 0O

2
content of the plasma.
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1.3 Materials Charging Studies

The auxiliary program MATCHG provides an effective instrument for
studying the interactions between a vehicle surface and a qiven
plasma environment. The code calculates the equilibrium
potential for any material, from the current balance equation,
for cases where surface conductivity, photoemission, and mul ti-
dimensiona) effects may be neglected. The MATCHG program has
been run extensively to investigate the eclipse charging behavior
of many different materia\s.(S) The code has been utilized for
sensitivity studies of the material properties, comparisons of
the potentials for single and double Maxwellians, testing of
alternate formulations for secondary emission equations, and
various other studies of the surface-plasma interaction. The
MATCHG code hacs been adapted so that it can read in the NASCAP
flux definition files. In this way, the ALLES fits to spectra
data can be 1nput to MATCHG and time histories of the eclipse
charqging wol tages can te produced. The resulits can be used to
compare the effecte of ditferent fitting methods on the charging
strenqgth, or for making trial passes through the data, before
emploving the NQSCAP code which consumes much more computer time,
Figqure 1.9 zhows a time history of the MATCHG equilibrium
wo)tages, correspondirg to ALLES fi1ts to the day 113, 1981
spectra data.(lS) Time histories can also be generated for aill
of the contributing currents at the material surface (primary
plasma currents, secondary emission and backscatter currente, and
bulk conductivity currents). This information can be quickly
obtained and gives an indication of the relative importance o+

these effects throughout the charging simulation.

A series of MATCHG rune have been done to i1nvestigate systemati-

cally the ihreshold conditions for materials charqing based on

(14>

the current balance condition. The dynamics of the charging

22




Figure 1,5 MATCHG Potentials versus UT for
Single Maxwellian Fits (Day 113/81)
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is 1llustrated in Figure {.6(a) which shows the MATCHG electron
and ion currents —Je(v) and Ji(U) versus V for ASTROG material.

Each curve corresponds to a different Maxwellian temperature

(Te, Ti = 5,18, 15, 286, 2. The plasma densities are taken as
ne=ni=1. The intersection of any two curves determines the
equilibrium voltage V. The curve for -Je(v) wilth Te=5 lies

below the origin and hence can never intercept a Ji(U) line.
This is an example of a case where the electron temperature iz
below the threshold and no charging can occur. The remaining
—Je(V) curves start above the Ji(U) lines at U=8 and charging
takes place.

We have examined the threshold conditions for charqihg of a
surface material immersed in a Maxwellian plasma. The threshold
relations depend on the plasma temperatures and densities and on
the material properties through the secondary emission coeffi-
cients SS(Te). SS(Ti) and the backscatter ratio SB(Te).

For a single Maxwellian plasma, the necessary condition for
charging 1s that the electron temperature must be greater than

the threshold temperature defined by
§E<T » = -1+ SS(T y o+ SB(T ) = @8
e e e

The values of this threshold function, calculated by MATCHG, are
shown in Figure 1.4(b) for five different NASCAP materials,

For a multi-Maxwellian pltasma at least one of the electron
temperatures must be above threshold and the net electron induced
current must be negative. To arrive at nececcary and sufficient
conditions for charQing, one has to take into account the ione as
well ac the electrons. Explicit formulas have been given for
single and double Maxwellians. For a double Maxwellian, the
threshold condition defines a linearly bounded region in the

density space (n n .

el' e2
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Figure 1.6 Threshold Conditions for Charging for ASTROQ Material
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1.4 Special Simulations

The NASCAP model has been applied to several different space

vehicles. A si1mple geometry was contiqured in order to repre-
sent the Helios ! satellite and i1ts external antenna boom.(lg)
The NASCAP configuration that was used is <hown in Figure 1{.7.
The satellite body is a 2x2 mesh cube. Attached is a single lé&-
segmented cylindrical boom (radius = 7mm) which is connected to a
separate conductor {(other than the vehicle ground) through a 2@@
pt condenser (the Helios antenna capacitance). In order to
scale the system to correspond to the Helios dimensions, the mesh

cize was set to | meter.

Fiqure 1.7 also shows the boom potentials calculated during one
cycle of the NASCAP rotate mode. Two curves are qgiven: one for a

cell at the base of the boom, and one for a cell at the boom tip.

As can be seen, there is only a small)l variation of potential (&l

valt) along the boom. Both curves show the expected spin
modulation. When the boom is perpendicular to the sun
direction (¢ = +9a,—?@°>, the phote current 1s a maximum and the
wol tage qoes positive. When the boom is aligned with the sun
‘¢ = 8,—18@0) the cells Qo a few wolts negative.

A comparison of Figqure 1.7 with the Helios measurements of boom
potential indicate that the amplitude of the oscillations are of
the right order of maani tude. Considering the very simplified
model that has been employed here, the above aareement is
satisfactory. It demonstrates that the NASCAP proaram can
successfully predict the spin modulated potential variations on
a rotating boom, and that the details of the model are not

significant for this case. ‘
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Figure 1.7 Helios Model and Boom Potentials vs Rotation Angle
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The NASCAP program has been used to configure a model of the GEOS
spacecraft and SPA sensor unit, The GEOS satellite consict

€
of a cylindrical body with projecting booms. The Suprathermal
fPlasma Analyzer detector is mounted on one of the booms.

The corresponding NASCAP model is described in Figure 1.8Ca).

The main features of the model are:

a) The satellite body is built up from S vertically stacked
8x4 mesh octagons. The mesh size was taken as .2 m so the
effective diameter is 8x.2 = 1.6 m and the height 1s
Sx.2 = 1.6 m.

b> Two external cylindrical booms of length 1ix.2 = 2.2z m

extend out trom the top of the satellite body.

c) The SPA sensor unit is represented by a Ixix! mesh cube.
The etfective dimensions are thus 28x20x286 cm, which is
slightly larger than actual size. The SFPA cube was put on

a separate conductor to allow for independent biasing.

d> The Yower 3 mesh units (.ém) of the satellite body is

covered with the material Indox.

e All other surfaces (the top of the satellite, the booms, the
SPA unit’ are covered with Goldpd.

Sunlight charging of a GEOS catellite model for three repres-

entative voltages on the SPA detector were studied.




Figure 1.8(a) NASCAP Model of GEOS Satellite
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Figure 1,8(b) GEOS Potential Contours (Top View)
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The primary questions to be examined were:

1) Are the local electrostatic fields around the detector

significantly perturbed by changes in sensor bias?

2) Are the trajectories of low energy particles near the SPA

instrument significantly altered by the sensor bias?

When the model 1s exposed to the expected plasma environment and
sunlight, the vehicle frame potential goes a few volts positive.
14 the bias on the SPA surface is varied from @ to ~Z28 volts. the
local field near the unit is modified and there is a significant
change in the low energy trajectories, Fiqgqure 1.8(b) shows a
top view of the potential contours around the GEOS model. The
influence of the detector biasing on the contours is clearly
evident.

The proposed Space Based Radar structure was modeled by
nascaP.‘1?  The SBR vehicle is composed of three main

components:

1> the lower side package (LSP) consisting mainly of the large
antenna array.

2) the upper side package (USP) consisting of two gimbaled solar
arrays.

2> the mast connecting LSP to USP,
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The corresponding NASCAP mode! is given in Fiqure 1.9Ca).
The mesh size is 8 meters. The large antenna (LSP) 1¢
represented by an octagon of diameter 8 meshes = &9 meters

{actua)l diameter = 71 meters).

The mast ie a boom cylinder of diameter Z meters and length {2
meshes = 2?6 meters (actual lenqgth 182.5 meters). The solar
arrays (USP) are represented by a 2x2 mesh = 16 meter x 16 meter

sQuare.

The surface material on the large antenna (LSP) 1es mainly KAPTON

with a small amount of ALUMINUM edge tape and the USP solar array

is assumed to be borosilicate glass.(l) For the NASLAP model we '
have assumed that the LSP and the mast are covered with KAPTON

and the USP with SOLAR material.

The SBR will be in polar orbit going through the auroral reqion
at altitude 10,0888 km. The LSP antenna always points earth-
ward, while the gimbaled solar arrays align themselves with the
sun direction. Relative to a coordinate system fixed on the SBR
the sun appears to rotate through 3680 on each orbit. We chose
two representative positions, at +45°% and —450, for the NASCAP

simulations.

Two test plasma cases were set up:

1) a "cool" plasma with Te=5, Ti=18
2> a "het" plasma with Te=10, Ti=2@

The densities were assumed to be | cm—a. In the cold plasma the
materials ALUMINUM and KAPTON would charge (in eclipse) but SOLAR
would not. For the hot plasma all the materials would charge.




Figure 1.9(a)

Figure 1.9(b)

NASCAP Model of Space Based RADAR

¢ 4 ¢ 0 0 0 8 8 5

\_//

Potential Contours for 45° Sun Direction
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The NASCAP runs that were considered are summarized in Table 1.1.
The vehicle ground voltage and the potentials on selected surface

cells are listed.

For case (1), the cecol plasma is used and the sun ie at angle
+45°, The vehicle around charges to -1.8 KV, The potential
contour plots indicate that charge builds up on the shade side of
the LSP. The solar array does not charge and therefore the field
lines are unperturbed near the USP.

Case (2) is the same as case (1) except that the hot plasma
replaces the cool plasma. The vehicle ground thus increases to
-5.1 KV, The potential contours are similar to those of cace (1)
but now the USP charges up and perturbs the potential lines in

its vicinity.

Case (3) differs from case (2) in that the sun angle is changed
from +45° to -4s°, Here the contour lines build up on the
topside of the LSP, which is now in the shade. The wvehicle

ground is about the same as for case (2).

The simplified NASCAP model of the SBR provides a possible
scenario for vehicle charging. As it follows a polar orbit,
the top and bottom sides of the LSP revolve into and out of the
sunlight. 14 there is a low density ambient plasma present,
with electron temperature greater than 3KeV, then the shade side
of the LSP can charge up to the equivalent eclipse equilibrium
vol tage. I1f the plasma temperature is high enocugh (x6KeV), then
the shade side of the USP wil)l charge. The potential contoure
are of the type shown in Figure 1.9(b).
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TABLE 1.1 NASCAP RESULTS FOR SBR CHARGING

1

— \
! . CASE (D CASE (2 CASE (3) |
|
u |
| PLASMA cool hot hot §
- o -
SUN ANGLE +450 +450 |  -as° l
, MG AP S
ITERATION STEP 17 15 15 ?
S . e e
TIME 1.62x10° 3.2x18% 3.2x18% }
{
CELL# | MATERIAL v v Y
GROUND VOLTAGE | -1 -18083 -5149 -5174
LARGE ANTENNA 2 KAPTON -2681 ~-7467 ~-3616
LSP, bottom
LARGE ANTENNA 1 " -1329 ~3802 -7448
LSP, top
MAST- bottom 161 " -1006 -3795 -7448
middle 164 v ~735 ~2298 -3297
top 172 " -473 -2438 -2523
SOLAR ARRAY 65 SOLAR ~489 -3097 -24@7
USP, bottom
|
SOLAR ARRAY &4 SOLAR -488 -1922 -3808 |
USP, top l
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SCATHA charging in sunlight has teen studied for a "worst case"

plasma environment, based on SCS measurements.(z'll)

In the
NASCAP simulations an averaged double Maxwellian fit to the
plasma spectrum was used. Due to uncertainties in the envi-
ronment parameters we have not attempted to predict absolute
potentials with NASCAP but, instead, have looked at the behavicr
of SCATHA charging, under a variety of input conditions, for
comparative studies. The results of the NASCAP runs are given
in Tables 1.2 and 1.3. The cases that have been concsidered are

labelled from 1 toc 8 as 1ndicated.

Cases (1) and (2) compare eclipse charging for the i-arid SCATHA
model using secondaries of normal incidence (NORMAL) or with an
isotropic distribution (ANGLE>. [t can be seen that the ground
voltage is decreased from -18.%7 KV to ~-7.0 KV when ANGLE replaces
NORMAL. This reduction is due to the fact that more secondaries
are emitted when the particles impinge on a surface isotropi-
cally., The ANGLE result is in good agreement with the voltage
that was actually measured (& -8 KV) in the eclipse that occurred

about 25 minutes later.

Casee (3> and (4) again make the comparison between NORMAL and
ANGLE secondaries, but for a sunlight environment. Here the SPIN
mode of NASCAF, set to qgive spin averaged illumination around the
X-axis, has been employed. Again there ts a large difference
{=3.2 to -.74 KV) between NORMAL and ANGLE results for the ground
vol tage. The voltage for the ANGLE calculation is about a factor
of two greater than than the maximum measured sunlight potential
(-.34 KV .

In the preceding runs, it was assumed that there was no biasing
of the conductors 2 and 3 of the 1-grid model. To be consistent
with the S-CUBED confiquration, these conductors were biased to

zero volts relative to conductor 1. Case (92 was run to test
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SCi-1

eoTTOM

TOP

Joe

STEF

MNistepd

CASE

TABLE 1.2 SUMMARY CASES i to 4 (WORST CASE)

ECLIPSE SPIN
i | i |
CELL MATERIAL | NORMAL ANGLE NORMAL | ANGLE
4
|
-1 GROUND } -16,886 -7839 -3135 % -736é
! ]
-2 BOOMTLIPS| -14,473 -9885 | -1494 | -49%¢
{ -4 IREF BANDl -11,512 -735¢9 -2574 -1114
279 KAFPTON ~-14,456 -9891 | -2122 -&14
]
311 SOLAR -15,140 -9731 ‘ -2136 -é12
] | | { {
: 2a9 IND QX : —16,896} -702¢9 : -2155 : =726
| ] ] ! !
‘ 419 GaL | -11,860 ~7695 % 21868 | -&12
I 128 l K&PTON ~14,4508 | -9891‘l -2174 ‘ -gaz
| | ’ |
352 } GOLD -19,8%0@ ~7839 5 -3155 -736
| !
’ 252 | TEFLON ~13,258 -B148 { -12,220| -&14%5
| |
382 KaPTON ~-14,450 -78%1 ‘ -14,440) -9%45
| | |
l 24T ASTROR | ~-18,938@ -7848 : -Z485 ( -1a6&l
{ ]
{ 2 WHITEN -11,55@ -7722 ‘ -52895 -2771
{ | { |
: 259 GOLOPD -1@&,89@ -78329 f -215% ; -732é
} i (
‘ | | % %
‘ % I TZWCEGR =T2NCE2F ‘TZNCSl? ‘TZWESHY
| | | | -
( | S8 4@ { ze | Z&
| | { | !
| 1 | | |
] ! D 44 -145 | -1 | -7
u‘ u‘ { 4' |
| { ! 1 2 | 2 9
| | | |
— J 1 1

L
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the effect of this change. By comparing cases (4) and (9 we
see that this modification makes negligible ditference to the
charging. On subsequent runs, the zero biasing of conductors 2

and 3 was maintained.

Figure 1.2 shows the NASCAP l-grid model of SCATHA and the
corresponding 3-qgrid model. The only difference between the
models is that the external booms have been modified. In the 3-
arid model the booms extend out to actual length, and the surtace
material is changed from BOOMAT to KAPTON, The cell numbering
differs slightly for the two models. In column | of Table 1.2

both numbers are given (l-grid first), where difterences occur.

The 3-grid model was run in eclipse, and it was found to give
virtually the same potentials as for the i1-grid model (cace 2.
This result is expected since the plasma is strong enough to
charge the surface cells independently. The situation can be
quite different 1n a weak plasma where the "boot strap" mecha-
nism (charqing cells influencing neighboring non~-charqing cetls)
can lead to substantial deviations in the potentials obtained

from the two models.

Cases (3) and (&) compare the resulte for sunlight charqing (in
the SPIN mode) with the l-grid and 3-grid modelis. It is evident
that the 3-arid model charges higher (-1.37 KV versus ~.46% KW,

This result holds true also for cases (7) and (8) which makKe the

0w

same comparison relative to the ROTATE mode (-1.9 KV versue -1.2
KW . The potential contours for the 3-grid model are quite
different in the region of the booms from those of the il-qrid
model . Otherwise, the main features of the charging are the
same 1.e. the WHITEN cells in the bottom shade and the SCi1-3

patch in the top-side shade are at the highest potentials.
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By comparing cases (5 and (7) to cases (&) and (8 we see that |

the vehicle ground tends to be higher for the rotate mode than

with SPIN for both the 1-grid model (-1.23 KV wversus -.4% KU and

the 3~arid model (-1.91 KV versus -1,37 K. This behavior is
¢

consistent with earlier NASCAP studies‘d) which gave the same

result for a uniform quasisphere. ’

The NASCAP comparative runs iilustrate the following charact~

eristics of SCATHA charging:

13 The ANGLE mode for secondary emiscsicon produces less charging
than NORMAL,

2) The l-grid model charges up less than the 3-grid model.

3) The biasing of conductors 2 and 3 on the 1l-grid model has
little effect
4) The SPIN mode tends to qive lower charqing than for ROTATE.

In the ROTATE runs, the amplitude of the spin modulation can
depend on the DVLIM parameter which may hawve tc be adjusted from

the default value.

The NASCAP calculation of the vehicle ground potential in
sunlight is x-1386 V (average over cases (5 to (>, which is
higher than the maximum measured value of -34@8 V. The ecltipse
charging resuit of & 7.8 KV (from case(2)) is less than the
estimated value of -186 KV (from Table 1). On the other hand the
NASCAP result is quite close to the actual measured voltage of

% 8 KV for the eclipse which occurred Jater. The SSPM results
for sunlight charging are mixed:; . the calculated voltages are
found to be high for GU..D and SOLAR, low for QUARTZ, and in rough
agreement with the KAPTON and TEFLON samples,
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1.5 Extended Simulation Studies

The P?78-2 SCATHA satellite was launched in January 1978, into a
near—geosynchronous orbit. The satellite carries thirteen
separate experimental paylcadse for analyzing spacecratt charging
effects. The data from the UCSD charged Particle Experiment
(S5C?) was used to determine periods of strong eclipse charging,
by looking for sharp peakKs in the high resolution electrostatic
analyzer (ESA) ion count measurements, The channel number of
the peak qives an estimation of the shift in energy due to
particle acceleration into the detector, and thus of the
spacecraft potential. This effect is clearly evident i1n the
upper-right plot of Figure 1.3 where there 1s a clear peak 1n
the ion distribution function at about 6.2 Ke\! corresponding to
wehicle charging of &.2 Kv. Figure 1.18 gives a summary of the
spacecraftt potential versus UT for the most active charging days
of the 1979 eclipse tseasons. The "worst case" charging event
occurred on day 114, 1979 and this was chosen for a NASCAP

)
simulation study.(9

On day 114, the SCATHA catellite wase in full eclipse from
UT=26855 to UT=2884%. The NASCAP simulation runs were started
at UT=25958, with the vehicle 1ni1tially uncharged and the sun
intensity equal to zero. This procedure approximates the actual
s1tuation where the wvehicle was charged slightly <& 48¥ volts) in

suntight and the sun intensity rapidly decreased to zero.

The NASCAP 1-grid model (cee Fiqure 1.2) was used to represent

the SCATHA satellite. The charging simulation was carried out

in the UPDATE mode. That is, on each time-step, the program

searches an input file for the most recent spectrum and updates

the flux decscraiption toc the corresponding double Maxwellian fit.
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Figure 1.11 displays the NASCAP results for the complete pass
through the data. As can be seen from the plot, the overall
agreement with the measured SC? voltages is quite good.

The potential contoure, for a point mid-way through the second
pass run, are shown in Figure 1.12. Near the surface, the
contour lines tend to follow the satellite geometry, with some
deviations due to the booms. Beyond a few meters from the

satellite, the monopole f1eld dominates.

The most complex NASCAP simulation that has been attempted iz the
day 113 (1921) cace, where transit 1nto and out of eclipse was
consxdered.(IS) Here, in addition to the temparal plasma
environment, we have time dependent sun illumination in the

penumbra reqglones.,

The SC9 instrument sweeps through &4 energy channels (8 ¢ E < 82
KeVy ., The measurements were made once every 17 seconds during
the day 113 eclipcse pericod. The ALLES program reads the SC%
data from magnetic tape, converts the electron and ion counts to
the corresponding phase space distribution functions, and makes
Maxwellian fits to each spectrum, Figure 1.13 shows the SC?%

distribution functions versus UT.

To obtain an overview of the charging strength of the day 113
plasma environment, a number of trial rune were done with the
auxiliary program MATCHG. The MATCHG program was adapted so
that 1t could read 1n the spectrum +ite, one-by-one, and
calculate the equilibrium potential for each of them. The
surface materi1al wae chosen to be SOLAR, which is the most
prevalent cell on the NASCAP model of SCATHA. From previous
work 1t has been found that SOLAR is a goad indicator of the !
eclipse charging behavior of the 1-grid model i.e. when SOLAR
charges, the NASCAF model does so also, usually reaching a value ‘
~ 30% below that of MATCHG. !
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These studies 1ndicated that adequate charging voltages in the

eclipse region could be obtained by using the single Maxwellian
fits from ALLES. Figqure 1.9 gives the MATCHG equilibrium
potentialse versus UT corresponding to these fits. In order to
reduce fluctuations, the electron densities and temperatures were
smoothed using a ten point running average. The final 1nput

temperatures and densities are given in Figure {,14.

To conserve computing time, the MASCAP 1-grid model of SCATHA was
emploved. This model gives an adequate representation of the
vehicle geometry and surface materiale (the material properties
were assumed to have the deftault wvalues zet by S-CUBED).

However, the booms are truncated and this will lead to some
inaccuracy in the sunlight regione. Also, to save time, the zun
illumination was represented by the SPIN approximaticn, rather
than ROTATE. #“gain this will introduce uncertainties into the

calculation of sunlight effects.

The NASCAFP simulations were carried out in the UPDATE mode i.e.
on each 1teration the program searches an 1nput file containing
the zpectra fits and picks ocut the one that is closest tearliier’
to the current time. Alzo, by means of RDOPT cards, the zun
intensity iz adjusted on each step to define the wvariation iIn sun
illumination in the entrance and exit penumbra reqgions.

The MNASCAP time-step was set to 17 zecs, which is the interwal
between SC% measurements, so that each spectra would he sampled
at least once during the run. & complete pass through the data
~- 1nto and ocut of eclipse -- takKes about & hourse running time on

the COC 44PA, using the l-grid model.

The sehicle frame potential, as determined from SCS measurements,
15 plotted versus UT in Figure 1,195, The circles represent the
measured ol tages in KU, The solid line 1n the figure gives the

suntight intensity during passage through eclipse. The voltage

46




Tho X0 20 E=0 TA0 00 20 o
ut

Pigure 1,14 Corrected and Smoothed Electron Density
and Temperature (Single Maxwellian)

u?




R A =sis ntvinantsntunaen ]"II‘J

(18/€11 Aeg) 314 umI{T3mXey aTFUIS J0J In 'SA STBIIUII0 PUNOIH JYSSYN ST°T 9an3Td

[ 10

{

- | S A




. ———— G E——— - a2 L

plot has two peaks; the first peak is correlated with entry to

eclipse and the second one occurs in the exit penumbra.

A straightforward physical picture may be used to explain the
main features of the day 113 charqing event. Assume that there
was present a severe charging plasma environment. In sunliqght,
any shaded surfaces would charge up, but thcose cells that are
exposed to the solar UV would lose photo-electrons, so that the
charging would be inhibited,. The net effect ic that the vehicle
around typically goes a few hundred volts neqative. When the
spacecraft enters penumbra, the photoemissicon ie reduced and
eventually a point is reached where the plasma current dominates.
The vehicle then rapidly charges and maintaine a high voltage
through eclipse. In the exit penumbra region, the photoemission

again builds up and the charging is suppressed.

Figure 1.15 gives the NASCAP predictions for the day 113 event
assuming a DVLIM parameter of 580 (a comparison run with valuye
5800 was also done). The following aspects of the simulations

are worthy of note:

a) in sunlight, the vehicle frame potential goes a few hundred

volts negative, as expected.

b)> when the sun illumination in the entrance penumbra is suffic-
iently reduced tto & 254 there is rapid charging. With the
emaller DULIM setting (S5@8>, the charqQing peak is = 18KV, in

agreement with measurements.
c) in the full eclipse reqgion, the vehicle frame falls to x &KV,

which is a few Kilovolts higher than the measurements. This
result is independent of DULIM,
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d) the second peak structure in the data 1s too high when
PULIM = 5008, and slightly low for DVULIM = S@é,

The latter case should be more accurate.

e) in the exit penumbra, the solar U brings down the frame
potential, roughly in accordance with measurements,. The
region is almcost independent of DVULIM even though there are
frequent cut-backs with DULIM =500 and none with DVULIM =5800.

The primary weaknest in the simulaticon appears to be near the
entrance penumbra region where the NASCAP frame potential starts
to rise tater than for the measurements and then goes up much
more rapidly. This is an inherently difficult part of the
event to model, requiring precise values of the sun illumination

and correlated plasma enviroment.

The SPIN approximation, which averages the sun intersity over
many cycles is probably inadequate here (the jogs in the measured
vol tage during chargihg are probably due to rotational effects).
Also, neglecting the low enerqgy electrons is less valid in this
region where the vehicle potential is low. For these reasons,
it 1s not suyrprising that the NASCAP code does not track the

measurements better through the initial charge-up phase.
The overall agreement of the l-grid frame potential with the SC¥%
wvoltages 12 Quite good conszidering that:

1> we have neqglected the low energy Maxwellian components

2> there are uncertainties in the materials properties




3) there are approximations in the mode! (tryncated booms,
SPIN mode i1nstead of ROTATE)

4) there is uncertainty in the 02 content of the environment

§) there were large fluctuations in the charging strength from

one plasma spectrum to the next,.

The first point above is the most crucial one. The Iow enerqgy
electrons, in particultar, form a critical part of the plasma
specification. But the low enerqy part of the SC? spectra is
not Known during periods of strong charqing becauce these
carticles are repelled by the electric field surrounding the
vehicle, Thus some quess has to be made as to the shape of the
fow enerqy electron spectrum, 14 we use extrapolated fits to
the reqgion (the double Maxwellian fit)> then we find that the
charging is suppressed. 14 we neqlect the low energy components
entirely (the single Maxwelliand then we get charging that 1c a
few Kilovolts too high in the central eclipse region. A
definitive test of the NASCAF program can only be made 1f a

complete specification of the particle spectrum is available.
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2.8 Jomyzation and Charging Effects of Beam Curcents

Mhen a charged probe e placed in & plasms wooir anment , 10 dran:

trom the plazma 2 current of oppositely charoaed particles,

Tince particlez of taike charge are repelled b tne o ohe, -

1]

(A1}

sheath develops, depleted to some deqgree 1n the repelled zpech

The application of this svetem to the charging of besm emirting

. . . . ¢
ipacecratt was first detailed by Beard and Jebnzon., Lxfer,

the physi1cse ot thne probe sheath was ztudied yn dapth by Lar. 7
D

More recenptly, Leadon, et.al, developed 2 numer ica! madael to

14

introduce 1nto the Lam model the effect of 1onmization of neytewd

qaz molecyles by current returning to the praobe, Fioure 2.1
1ltustrates schematically the phyeilcal procsszes in the zheath
(el On The case of a spherically eymmetric electron fbeam

emitter was considered and it waz tound that rcnrzation ser ed to

'

reduce praobe charging. This was =1gnificant 10 that eupery-
mentx)l results then avmilable indicated Vow probe poterntiatz at
high beam currente, Howewer, the study by Leadon, 2t.al . was
not o entairely conclusive 1n that the FLASE proagram developed to

impiement the model fairled to converge at hioh beam curcenrs,

4]

The worlk on thise project was initiated with the zim of deter-~
mining the origin of the convergence problems and estending the

model to higher currents,

The further dewelopment of the PLASZ rode 1z 2 step towards 3
zvwnthesizs of zpacecratt charging modeiz. FLASD 12 an

intermediate ievel proagram which treats the baszic phvsical

procesees without dealing with the complications of spacecratt
structural detail, Thus 1t can be used to generate benchmart

cazes, far comparizon with much zlower particle pushing methade,
ar with comolex evistinn codes such asz NASCAP and FOLAR that do

not address the low xltitude 1onization problem.
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The PLASE Model

Fo

The model 1z eszentixlly the zame a3z that ured 1n the praaous:

) DRC I 3 . .
ztudies, ) The spherical probe 1z azzumed ta bte surcognded
oy = eheath of radius Pc. ~t the zheath boundae,s, the {1eid z20d
1}
rotentiat are set to zero, and electron densaty 1z equal to the

lll
"
3

ambiieznt ol 1% denzity o, ambaent 1onz, however . are 3z zumeq
[~

to be repelled from the probe £o that their denzity 12 28rc both

inf:rde the sheath znd at the boundarew. The zneath boundary 1z

deresrmined by the condition fthat the trevard therms) electr on +1u-

L4

t= &qual to the beam current Ir' thusz

4 W aFg Vep ne = Iy K

dnce inside the zheath, the slectrons zre astumed to trace! oo

free fxl1 toward the probe, Cancerwvation of enerqgy then glwes
- ‘ 2
B mUS = 5m th + a® )

w
-~

n thelr way to the probe surtace, electraons strite nsutrala,

& Jdenzaty no, and 1omization occurs wath frequenc

W

Where Fitlgd 1z veloclty dependent probabality curve, normalized

to yntity, and & iz the masimum crose cection for j1onization,

around Zx 18 eme for Oz targets, with a peak aroung 78 &',
The ion pairs thus created are accelerated away t the fi1e'd and
aive rise tn a zecondary electron and ion flysx. The number of

secondary paire produced per second throughout the sheath ¢

Reoo L
WM = 4 % J ré (dn) dr v
Ry, dt
where By 16 the probe radius,
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The potential inside the sheath is related to the charge density i
i

by Poisson’s equation

+ - -
9.9¢ = f%%F(ri’ o) = g_a(ns—np-ns) (S

To use (5 we need another equation relating ¢ and n.

The charge density is derived from three sources,
IR

(1> The primary electron density is found by equating the flux at

a point r to the primary flux, thus

rdn; Vpir) = Rg ne Yth i
Using (2> for Vg(r),

2 -, _ 2z
r np\r) = ne Ven Ro (&a)

(Vin + 2a o) ”®
Me

(2) The secondary contribution to electron density is found by

examining the flux at r from electrons originating at P,

rEnCir) Ugtr = any pZ ap
gt

From energy concserwvation,

~ l
Z :

% mugcry = q (ecrr-ecm) ;

since pairs are assumed to originate with zero initial velocity.

Summing contributions to n_. from all R, > P > r qives

Ro

- dny PZ ap
rZ ng(r) = (52) ’ - (6B
( 29 (ecrr-ecpm))* §
r Mme ;
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(3 A treatment equivalent to (2> for secondary ions gives

r
dn) P2 dp
r2 n;Uﬁ = SET), L&)
(ve+ 2 (ecm-ocr))®
R s mj

Here the ions are assumed to be swept out by the motion ot the

probe at velocity VYo so that energy conservation appears asz

wmu? = wmu? . 2q 10-0,)

mj

where ¢, is the potential at which the 10on was created.

When Eqns. (&a ~ éc) are substituted for the RHE of (S5) and the

boundary conditions

o(Ry = @, 4 (Ry) = 0

are imposed, we arrive at a closed integro-differential equation

for ¢, which we solve by the following numerical scheme.

in order to =olve Eq. 5, we define

E = Ve <7

and consider a corresponding difference equation. The sheath

reqion is divided into N shells of width

a = (ro—rb)/N

Each shel! begins at a radius Pi =rp *+ Gi=Dar

and has as its midpoint the radius ry = rp + G1-%) a0
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At oeach Py owe define a field variable By and

t each r, we define
*» potential by and a zpace chargQe n,. The potential 1€ relasted
to the fi1eld by

Poegp ¥ = (E{YZE 4 *E 4 ard 20

-
4

n
-
o
m

3
X3
jag

The densities are found by replacing the 1ntegrals

trapezoidal rule approvimates.,

Tu inciude the erfectz of janization 1n cel) 1 tao the charqge
denpzlty in that same cell, we divide the cell 1nto general
subceliz and approzimate the f1eld as a2 constant over each

-

reglon., The tntegrals in Ea. ¢ can than be done analwtical iy,

Hith the Knowledoge that

Ergey = 8, ey = 0@
e zarrivve at a =2t of M non-tinesr equaticons in M unknown field
points, These we szolwe by Mewmton-Rapheson 1teration as follows,

Letine

‘J\}'lE]"'l F'lEl e gdr'nl, 1=’.l"ﬁ, PR
Guess an inittial wectkor
DR O} s DRy
rEl'EZ' ""'EN )

ard modify the tnitti1al wector in a direction which wil) minimize

tre rezidualz of Eg. .




2.5 Method of Approach and Recsultse

Atter irnvcestigating both the model and the wrevious nuymer 1o 3l

imprementation, the code was rewritten vsing a difteresnt xns mor s

straitghttorward method (Mewton-Faphzan: to zolve the sgustiaon:,
Thiz program was thoroughly cross—chected with the aritcinz: for
cazez where the original converged, UYging the npew lgor,thm,
we were able to obtain sclution:s for arbitrarilw bhioh beam
currents, The nature of the potential contoursz was rathe
unvsual and SUATEE graphics capabilities were added to the

program o fFacilitate understanding ot the underlsving privsicz,

g

Flots of potentirai, electric fi1eld and foatal and gaectial o5

q

e

distributions such as are shown 1n Figures 2.2 and 2.7 wers made
avallable, “ series of runs have been made to calculats the

dependence of the probe charging orn the mode) parameters, namat-

th

iy

electron tempersture and densaty, the mean 1orization length

and iontzation profile, and the beam current,

The sftfect of mean ionization distance o on the potentiazal of =
spacecraft emitting a beam iz cshown in Filgure 2.4, In the

e )
0
w
A
o
=5
bel)
bl
-
3
0w
-+
i
-

region where 1onization 13 negligible (3 =
the patential curwves are flat, and the potential 1ncreases with
beam current, Az the 1onizatian distance decreazses '1.e,
ionitzation is more probabley the potential cucwe turns down, and
ztasz constant approximately az the 1onization diztance o

deirezazesz further.

The main recsult from the parameter studies was that the curwe of

the probe potential wersys current was wery similarc to that

mezzured experimentally, For Yowm electron beam currents, the
cotential increazes monotonically with the current, Bewvond a

critical current, the returning electrons from the encarorment
S

cauze 1onization, and the potenti1a) dropzs to a lower ralue,
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Figure 2,3 Potential and Field Profiles for a Current Sweep
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2.3 Extenzionz of the Model

The model was applised to two further swstems, First, the caaee
of z0ointinitely long, cwlindrically symmetrac etectran Lieam
emlitter was considered,. The neceszity that the ovlinder ne

infinitely long aricses from the fact that tng

i

one-dimensianal , wnereas ysze of further dimenzvonz antrocdoces

profblem complications which should initialls be avcorded.

Rezultes from this study were qQuite zimilar Lo the spneri1cal caze.

Thiz szhowz that the spherical nature of the probe 12 not szcen-

12

1n determining charging characteri1stics,

[N

“ rase o+ more i1mmediate interezt was the 1o emitter,

e 1

i

eded to include ocne further effect of zecondary &lectran

em:szi10n from the probe surface bv primarse 1on collision, e

tound that, for 10n gune, ionization was lessz ymportant an

determining charge than for electron gqguns. In fact, the majyor

determiner waz the enhancement of the return current, mostly from

secondary emission, to 1ncrease the eftective beam current, The

resutt of this waz to bring down the magnitude cof probe charge,

az with slectranz, but 1t became clear that no mazimum 1 the 14

curee would he encountered far 10ons.

wmin analwtical model was constructed, based on the Lam scluition
and 1ncluding secondary emizzian but not esheath 1omization,

It was found that this model reproduced the resultse of the full
model quite nicely for environments of greatezt nterest to
experimenters. This indicates that ionizatian may not be

important for typical ion gun experiments,
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2.4 Ftight Simulation

Studies have been carried aout to give an

predictive usefulness
guplicate as nezarly as

which an upcoming test

Simulaticne were carried cut at altitudes

for the two electron gun models,

well a2 the spherical

to2ilowing, assuming &

—_

ar for electron quns

A

po—

[Rx

[

=)

higher altitudes,

by for 1on gunz, the

af the enerogw ot

Fioaure 2.5 shawe thse o
a function of =lectran
rnan-monotonic behavior

i)

~t

of the model .t

omputed resglt

Yo currents, the potential

-
20

possible the ernqaronmental

flight, BERT-1,

1on ema tter,

maximum beam current

the potential-current

maximum for 1ow altituydes

and

potential will

the 2on beam itzels for all

beam current =t

reach

oF

The goal

spheri1cal and

but remsain

wariays

betwean

ot 2@

the

indiczation

ot the
was to
conditions to

would be subjected,

168 and 298 km

cylindrica?, as

The major findings were

curee

(=H
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peslk waltsge and pealk

cholces of plasms Jenzity and temperature 1n the modetl,

12l then fturne around.
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3.8 Particle Tracking Studies

3.1 Particle Tracking near Differentially Charged Surfaces

An important aspect of the beam emitter probilem ic the dynamics
of the beam particles themselves. 1f a differentially charged
spacecraft is placed in an environment such that little current
is drawn from the surrounding plasma and no sheath develops,
Laplace’s equation holde and we can calculate the potential at
all points outside the spacecraft Knowing only the charge on the
surface., Once this is Known, calculation of the trajectories of

emitted charged particles will answer the question of what frac-

tion of an emitted beam wi)) escape the probe, or return and

thereby neutralize some of the charge.

A number of investigations were conducted to calculate both the
potentials around differentially charqged spacecraft and the
trajectories of emitted beams. The major results of these
studies have been the presentation of potential and particle
trajectory plots, and the determination of escape energy acs a
function of beam angle for several different charqing confiqu-
rations. Contour plots were used to aid in the precentation of
these data. The final objective of this work is to determine
the time dependence of self-neutralization in a probe which traps
some of its emitted beam. Configurations studied included
Quadrupoles, circular concentric disks, and spheres with a

circular cap ~- all of which were treated essentially as two-

dimensional problems.




F.1.1 Quadrupcle Problem

The potential for two like charges at a distance “d” on either

cide of a central charge "f7 is given by

£ - 1 - 1
(xZ ¢+ vOH%  ((x+adZ ¢ BB ((x-d)E + yB R

$ix,y) =

The equations of particle motion are given by

z
d x = - £
[= B4 9
dt* £x

4

b4

%
N
)]
{
o

=%
-

and were snlved computationaily using Hamming’s modified
predictor—-corrector method. (subroutine HPCG from the I1BM

Scientific Subroutine Library)

Farticle trajectories were plotted using SUATEK with appropriate
scaling to overlay on transparenciecs of the aszociated potential
contayr plote, These contour plots were generated using routine
COMREC +rom the NCAR graphics packaqge. Figure 3.1 shows a
tvwpical plot with four different trajectories for different beam
energies, Other parameters that were studied were quadrupole

zeparation and net charge. beam polarity, and beam origination

and angle.
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Figure 3,1 Potential Contours an{ Particle Trajectories
in a Quadrupole Field.
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Circular Double Dick Problem

2.1.2

The potential for a circular double disk has been derived

analytical ly( 17 as follows:

[} -t
V(Y; Z) = %[Y teu"(fz' {fz,, 2%-1 ,[(?z’ 22 ')Z + 4 zz] 4.} /z)
- (' s
oo
x(zz"z”z*[“z-"*f‘>‘+ st ")/ s

(22-s2+ 9% 4 42252

z
Radii o, 1
—_— Q’ i _ ___)Z Potentials Ve, VL
¥ = Vo
Ve

ANALYTZcAl cHEcrs FoR BouwndarRy CASES

V ("»7-) = -_’-Lr—{l tav\"("z) + (I-Y)[z/(zz",_z)'/z.]
Py t:a-\-'[(l-d-a)“? l.lz-n- .42)- ./2.]}
and for £

- %
V(f,0) = 2]Y tan (§%) , "
TT{ +(1-Y) tan"[("*")/z(fz") /]}

'+ texm orientation iz imitially in a plane normal to the disk

zur faces, we can take x = P (radiugy and y = z (normal to disk)

xnd conzider the problem 1n rectanqular coordinates.
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The inner disk to ocuter disk radius ratio o, and the potential
ratio Y provide parameters that are similar to the quadrupcle
problem, The main complexity is due to the integral which must
be computed for the potential at each location f,z.

Figure 3.2 shows overlaid potential and trajectory plots for
positively charged inner and ocuter diske, with @.1 radiue ratic.
Ion beams with three different enerqies, originating at a
distance of 8.2 above the diske are considered. The zaddle
point introduces the question of beam trapping for many of the

studies described in this section.

32.1.3 Circular Cap Problem

The problem is to track particlecs in the wicinity of a spherical

probe with a differentially charged surface.

P ! T Ty = ¥ ovalts

-~ = 1 or 0 wolts

The potential is calculated by noting that the series

il n+1
V(r,® = I (é) on Pp(cose) 1)
n=2\r

solves Laplace’s equation, where a is the praobe radius.
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CIRCULAR DBUBLE DISK

VARx .1 vBs 1.0

CIRC. DISKION R= .1 B=1.
Y =+01

0.295

e.2

~-.05

EN-.081,.0015, .002

Figure 3.2 Potential Contours and Particle Trajectories
in the Field of a Circular Double Disk.
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The coefficients are easily found since

V(a9 = Y 6 <
i (or 8) © > 8

m

and

Lt
oy, = (n+% J f(8) Pp(cosd) d(cosd
o

by orthogonality.

Program TRKCOEF calculates thece coefficients. 1t te run 1nter-

actively and requires the following inputs:
NTERM = # of terms in the series

RRR = cutoff distance for "mearnesz" to the prokbe.

(good convergence is obtained for RRR = 1.1 when NTERM=3%)

w
|

the angle B in degrees

@
]

the charge on the cap

The integrals involved are evaluated analytically; the limit on
NTERM is around 59 due to the difficulty of calculating high

order Legendres.

Whether the charge on the lower portion of the probe ic 1 or 6 is

determined by the parameter GAB in subroutine CHECK. Program
TRKPLOT cets up a file for contour plotting, TRKCOEF saves the
coefficients on TAPES and must be run (or TAPES saved) before

other programs are run.
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Program TRKIONS uses HPCG to track particles from a previously

aenerated potential. It allows various starting positions, on

or off the probe, and various beam energies and apgles. They
are defined as follows:
F//,start distance X
beam
angle on craft , beam angle
= RRR.

* ztart distance = 0 will start the particle at r

the program asks whether you wish to stop.

Every 408B timesteps,
interactively.

Thus, 1in its present form it hae to be run
The status of this problem was that the "hot spot" did not seem
to trap the beam when it is released from a point near the craft.

This means, at least, that the situation is more complicated than

was oriQinally imagined.
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3.2 Evaluation of Geomagnetic Field Models

Introduction

An important feature in the application of particle beam emitters
is the accuracy with which the beam can be delivered from the
spacecratt to the selected target. Since the beam is charged,
1ts trajectory is strongly influenced by the geomagnetic field it
must traverce. Thus accuracy of timing is contingent on an
accurate knowledge of the geomagnetic field itself. This study
determines directly the etffect of uncertanties i1n the geomagnetic
field model on tarqgeting by calculating the trajectories of beam
particles with warious geofield madeles. Since the discrepency
within different modelszs is expected to be at least as large as
the difference between the "becst" model and the true field, the
study should provide a rough upper bound on the accuracy with

which beams can present)ly be targeted.

Model s

The models are bacsed upon fitse of experimental data to an
expansion of spherical harmonics. The coefficiente are referred
to a specific vear and correction terms are zometimes provided or
subsequenl years, The study was conducted for the yvear 19890,

In addition to yearly wariation, there 1s also a dependence in
the field on time of day and sunspot activity. These effects
were investigated by using additiconal sets of coefficients,
consisting of correction terms to the reference IGRF8@ set, for
898@ and 1388 hours and for noon at sunspot minimum, The models

used and the size of the coefficient sets are qiven 1n Table 3.1.
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Table 3.1 Geomagnetic Field Models

' Mode) Order (NMAX = ORDER + 1)1
! 1) IGRFge 16x 18

i 2> Barraclough 8@ 18x 10

| 3) Barraclough 75 12x12

i 4) Magsat 13x13

! 5> WCse \ i2x12 '
l &) Sq mods (to IGRF8®)

Simulations were carried out for two particle types, two starting
al titudes, three initial beam energies and three aiming direc-
tions, Thue = iotal of 36 trajectories were calculated for each
model . Trajectories were followed through one gyro rotation and
stopped 28 km below the starting altitude. The IGRFS8B trajec-
tory was used as the target definition, and deviation of other
trajectories from this one was calculated as the nearest approach
of a target and test trajectory, without regard tc correlation in

time.

Procedure

In order to add a set of coefficients to the existing system of

programs, the following sequence of runs